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Intervening sequences (IVSs) occur sporadically in several bacterial genera in the genes for 23S rRNA at
relatively conserved locations. They are cleaved after transcription and lead to the presence of fragmented
rRNA, which is incorporated into the ribosomes without religation but is nevertheless functional. The frag-
mentation of rRNA and the number of IVSs in all 72 strains of the Salmonella Reference Collection B set and
16 strains of the Salmonella Reference Collection C set, which have been established on the basis of multilocus
enzyme electrophoresis (MLEE), were analyzed in the present study. Fragmentation of 23S rRNA was re-
stricted to conserved cleavage sites located at bp 550 (helix 25) and bp 1170 (helix 45), locations where IVSs
have been reported. Random cleavage at sites where IVSs could not be detected was not seen. Uncleaved IVSs
were not detected in any case; thus, the IVSs invariably led to rRNA fragmentation, indicating a strong se-
lection for maintenance of RNase III cleavage sites. The distribution of the number of IVSs carried by the
different strains in the seven rrl genes is diverse, and the pattern of IVS possession could not be related to the
MLEE pattern among the various Salmonella strains tested; this indicates that the IVSs are frequently ex-
changed between strains by lateral transfer. All eight subspecies of the genus Salmonella, including subspecies
V represented by Salmonella bongori, have IVSs in both helix 25 and helix 45; this indicates that IVSs entered
the genus after its divergence from Escherichia coli (more than 100 million years ago) but before separation of
the genus Salmonella into many forms or that they were in the ancestor but have been lost from Escherichia.

The posttranscriptional excision by RNase III of transcribed
sequences called intervening sequences (IVSs) at bp 550 and
1170 in the 23S rRNA genes of Salmonella species leads to
fragmentation of 23S rRNA (8). The two sites correspond to
helix 25 and helix 45 in the proposed secondary structure for
the Escherichia coli rrl (ribosomal RNA large) gene (25). The
tetra loops predicted at these positions in E. coli are replaced
at the corresponding positions in Salmonella by an extended
stem-loop structure of the IVS. The transcribed IVSs are
cleaved by RNase III, an enzyme involved in the 23S rRNA
maturation (8). The function of IVSs is still unclear. An RNase
III-deficient strain with the IVSs intact in the rRNA is viable,
although it has a reduced growth rate, presumably because
RNase III is also involved in other rRNA-processing reactions
(22). Transfer of a plasmid with an IVS-containing rrl gene
from Salmonella into E. coli leads to the presence of frag-
mented 23S rRNA in E. coli, but the cell maintains a wild-type
growth rate (10).

IVSs have terminal inverted repeats flanking the central
region, which is a characteristic of a mobile genetic element.
Thus, IVSs resemble introns; however, unlike introns, after the
removal of IVSs and the disruption of the continuity of the 23S
rRNA gene, the fragments are not religated. In addition, most
of the IVSs do not have known coding open reading frames or
terminal sequences which facilitate the splicing reactions; al-
though open reading frames coding for a putative protein of

121 to 133 amino acids are present in IVSs from Leptospira, the
protein they encode has not been detected in the cell (32). The
ability of the fragmented rRNA to assemble into an active
conformation, presumably by RNA-protein interactions, ap-
pears to obviate the need for exon ligation (4).

IVSs have not been reported in E. coli strains, suggesting
that IVSs entered the salmonellae after the divergence of Sal-
monella from Escherichia or, alternatively, that they have been
lost from Escherichia. The presence of IVSs, without any prov-
en function in stable rRNA genes, is surprising and may have
implications regarding the evolution of rRNA transcription
units. IVSs are distributed sporadically among the bacteria,
having been identified in members of the Enterobacteriaceae (8,
23, 38), Rhizobiaceae (37), Rickettsiaceae (1), and Leptospira-
ceae (31) families and in the genera Campylobacter (14, 19, 41)
and Helicobacter (13, 18). It has also been shown that the
distribution of IVSs among the several copies of rRNA oper-
ons is heterogeneous. IVSs may be spread between different
bacterial genera by lateral transfer from genetic exchange and
between the different rRNA genes of a cell by recombination-
mediated methods (19, 32, 38).

The genus Salmonella, part of the large eubacterial family
Enterobacteriaceae, was originally classified into many sero-
types (each called species) by the use of somatic and flagellar
antigens, but recently all strains of the genus Salmonella have
been separated into two species, Salmonella enterica (for al-
most all strains) and Salmonella bongori (for subspecies V) (9,
16). The rRNA fragmentation pattern (designated fragmented
or nonfragmented) from 77 strains of Salmonella enterica se-
rovar Paratyphi B was used, in combination with other tests, to
separate these strains into three groups (3), but later studies
showed that these characters vary among isolates of the same
clone as defined by multilocus enzyme genotype and thus do
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not give a meaningful classification (35). In this study, the
Salmonella Reference Collection B (SARB) set of 72 strains
representing 37 serovars of Salmonella subspecies I (6) and the
Salmonella Reference Collection C (SARC) set of 16 strains
representing seven subspecies of Salmonella, as well as S. bon-
gori (subspecies V) (7), were analyzed. These sets of strains,
established by multilocus enzyme electrophoresis (MLEE) in
the laboratory of R. K. Selander, are available from the Sal-
monella Genetic Stock Centre (SGSC), University of Calgary,
Calgary, Canada.

The objectives of the study were as follows: to determine if
IVSs in Salmonella are invariably present at the previously
reported helix 25 and helix 45 locations and if they are also
present at other sites; to determine if fragmentation of rRNA
can occur without the presence of IVSs; to determine if any
IVSs are present but are not excised by RNase III; and to
determine the diversity in distribution of IVSs within the genus
Salmonella in order to see if IVSs have been distributed pri-
marily by vertical transmission (clonal propagation) or by lat-
eral (horizontal) transfer.

MATERIALS AND METHODS

Bacterial strains and cultivation conditions. Sets of strains from the SARB
(Table 1) (6) and SARC (Table 2) (7), obtained from R. K. Selander, are
maintained at the SGSC (www.ucalgary.ca/;kesander). Strains are stored at
270°C in 15% glycerol. Single colonies isolated from the stocks were used in all
experiments. All cultures were grown in Luria broth base, supplied by Gibco
BRL (Luria broth base is equivalent to Millers LB broth base); it is hereafter
called LB broth. It contains peptone (10 g/liter), yeast extract (5 g/liter), and
NaCl (10 g/liter). 1.5% Bacto Agar (Difco) was added when solid medium was
used.

Enzymes and chemicals. Taq polymerase, deoxynucleoside triphosphates, and
DNase I were obtained from Pharmacia. RNasin was purchased from Promega,
and diethyl pyrocarbonate was purchased from Sigma. Most other chemicals,
including agarose, were purchased from Gibco BRL.

Primers. Amplicon A (for amplicon identification, see Fig. 1) containing helix
25 was amplified with primers P1 and P2. Amplicon B containing helix 45 was
amplified with primers P3 and P4. All primers were synthesized by the University
Core DNA Services (Health Science Centre, University of Calgary): P1 (59
GCGTCGGTAAGGTGATATG 39), P2 (59 GCTATCTCCCGGTTTGATTG
39), P3 (59 CCGATGCAAACTGCCAATAC 39), and P4 (59 TTCTCTACCTG
ACCACCTG 39) (21). These primers are located at E. coli rrlB bp 74 to 92, 786
to 805, 901 to 920, and 1616 to 1634, respectively (25).

PCR and agarose gel electrophoresis. PCR was carried out according to the
instructions accompanying the Taq polymerase on a Techne Gene E thermal
cycler. Templates were prepared by boiling bacterial cells (obtained on the tip of
a toothpick from a single colony) in 500 ml of water for 5 min and then rapidly
cooling on ice. Two microliters of the template was used for each reaction. The
thermal profile consisted of 30 cycles of 1 min of denaturation (94°C), 1 min of
annealing (56°C), and 1 min of extension (72°C). A final extension step for 10
min at 72°C was performed. All PCR products were electrophoresed on 1.5%
agarose gels in 0.53 Tris-borate-EDTA (TBE) buffer (13 TBE buffer contains
90 mM Tris-HCl, 90 mM boric acid, and 2 mM EDTA [pH 8.0]) at 8 V/cm in the
presence of 0.5 mg of ethidium bromide per ml.

RNA isolation, electrophoresis, Northern blotting, and methylene blue stain-
ing. Bacteria were grown overnight in LB broth with shaking at 37°C. One
milliliter of this culture was inoculated into 20 ml of fresh broth and grown for
4 h under similar conditions. Eight milliliters of the culture was used for the
isolation of rRNA by the method described previously (21).

The RNA was quantitated spectrophotometrically and 10 to 20 mg of RNA
was electrophoresed on a 1.5% agarose gel in 10 mM sodium phosphate buffer
(pH 6.8) at 5 V/cm by the glyoxal-dimethyl sulfoxide denaturation method (34)
with constant recirculation from anode to cathode. The RNA was blotted to a
Hybond-N1 membrane (Amersham) by capillary action overnight and stained
using 0.04% methylene blue in 0.5 M sodium acetate, pH 5.2. The blot was then
washed several times with water and photographed using the Diamed pho-
todocumentation system or scanned using Scan Jet 6100C (Hewlett-Packard).

RESULTS

Diversity of distribution of IVSs in the SARB and SARC
strains by PCR analysis. Using whole genomic DNA from the
bacterial strains as the template, primers P1 and P2 were used
for the amplification of the region of DNA including helix 25
of the rrl gene (amplicon A), and primers P3 and P4 were used

for the helix 45 region (amplicon B) (Fig. 1A). The PCR
products were electrophoresed to determine the number of rrl
genes with IVS insertions (Fig. 1B). The PCR amplicon is
smaller (faster running) and is expected to be 731 bp (helix 25)
or 733 bp (helix 45) when there is no IVS present (based on E.
coli rrl gene numbering) (25); when an IVS is present, the PCR
product is larger (slower running). On the basis of the relative
intensities of the slow- and fast-running bands, the number of
rrl genes with IVSs out of the total seven rrl genes was deter-
mined; this is dependent on the assumption that amplification
of all rrl genes is equivalent.

Both amplicons A and B in E. coli K-12 are fast running,
showing that E. coli does not have IVSs. In S. enterica serovar
Typhimurium LT2, the intensity of the slow-running band for
amplicon A (helix 25) corresponds to five copies of rrl genes
without IVSs and the intensity of the fast-running band corre-
sponds to two copies of rrl genes with IVSs. Similarly, the result
for amplicon B indicates one rrl gene without an IVS and six
genes with helix 45 IVSs; these data are consistent with the
earlier report (21). This reveals the presence of two helix 25
and six helix 45 IVSs (see Fig. 3). Similar analysis leads to the
conclusion that S. enterica serovar Paratyphi B electrophoretic
type 1 (Pb1) has no insertions in helix 25 and seven insertions
in helix 45. Strain Pb3 has one insertion in helix 25 and no
insertions in helix 45. Strain Pb4 has two helix 25 and four helix
45 IVSs, while strains Pb5 and Pb7 have ratios of 0:1 and 2:4
helix 25 to helix 45 IVSs, respectively (see Fig. 3).

Diversity of distribution of IVSs in the SARB and SARC
strains by RNA analysis. The extent of fragmentation of the
23S rRNA was examined in order to determine the site(s) of
cleavage in the rRNA and the proportion of the rRNA mole-
cules in which cleavage has occurred. Figure 2B shows the
known sites of the IVSs previously determined in Salmonella rrl
genes and the sizes of the rRNA fragments which would result
if cleavage occurred at these sites. Figure 2A shows the rRNA
fragmentation patterns for the same strains for which PCR
data reveal the presence of IVSs in Fig. 1B.

The extent and pattern of fragmentation were studied by
analyzing the different band sizes and intensities. The band
intensities stoichiometrically add up to reflect the cleavage
products resulting from seven copies of rrn operons after the
removal of the IVSs. An intact 23S RNA fragment is 2.9 kb in
length. 23S rRNA fragments of 2.4 and 0.5 kb indicate that one
rrl gene carries an IVS in helix 25, fragments of 1.7 and 1.2 kb
indicate an IVS in helix 45, and fragments of 1.7, 0.7, and 0.5
kb indicate IVSs in both helices.

E. coli K-12 gives an intact 2.9-kb band (23S rRNA) and an
intact 1.5-kb band (16S rRNA), indicating no fragmentation;
as expected, the genome of E. coli K-12 reveals an absence of
IVSs in all seven rrl genes (5). In the case of strain Pb1 the
2.9-kb band is absent, and all rRNA is present as 1.7- and
1.2-kb bands; this indicates the excision of helix 45 IVSs from
all seven rrl genes. Pb3 shows a 2.4- and a 0.5-kb band (barely
visible in Fig. 2), indicating the excision of one helix 25 IVS,
while the uncleaved 2.9-kb band and the absence of 1.7-, 1.2-,
and 0.7-kb bands indicates no IVSs in helix 45. By similar
analysis, it can be seen that Pb5 has no helix 25 IVSs and one
helix 45 IVS; Pb3, Pb4, and other SARB and SARC strains
were similarly analyzed. All conclusions are listed in Fig. 3.

Analysis of IVSs in the 72 SARB set strains and 16 SARC set
strains of Salmonella. The number of rrl genes containing IVSs
in helix 25 and/or helix 45 regions were determined by PCR as
described above (Fig. 1) for all 86 strains of the SARB and
SARC sets, and the data are recorded in Fig. 3 and 4. Similarly,
the pattern of fragmentation of the rRNA was used to deter-
mine the number of rrl genes that produced rRNA that was
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cleaved; these data too are recorded in Fig. 3 and 4. In some
cases, the assignment of numbers of IVSs was immediately
clear, but in others several independent PCR or rRNA runs
were needed.

The number of IVSs (detected by PCR) corresponded to the
number of IVSs calculated from the rRNA fragmentation (de-
termined from Northern blot analyses of the rRNA) in all 72
strains of the SARB set and all 16 strains of the SARC set. The
strains portray extensive diversity in the possession of IVSs,
leading to the following conclusions. (i) Possession of IVSs is
common, but there are some strains (8 of 72 in SARB and 0 of
16 in SARC) that have no IVSs. (ii) No strains are saturated
with the presence of IVSs in all the helix 25 and helix 45
locations; the maximum number of IVSs present in a strain was
a 7:4 distribution in helix 25 and helix 45, respectively, in the
case of SARC strains 10 and 16. (iii) Closely related strains
(according to MLEE) often show identical or very similar
patterns of distribution of IVSs, for example, strains Pa1 and
Se1 and Pc1, Pc2, and Ts1. (iv) However, there is no strong
overall pattern of possession of IVSs on the trees in either helix
25 or helix 45.

DISCUSSION

The number of IVSs in the seven rrl genes (detected by
PCR) and the number of cleavage sites in the rRNA (detected
by the fragmentation pattern of the rRNA) from 72 Salmonella
strains of the SARB set (representing subspecies I) and 16
strains of the SARC set (representing all eight subspecies of
Salmonella) were determined; this led to three conclusions.

Firstly, PCR and RNA fragmentation data indicate that all
IVSs in Salmonella occur in or close to helix 25 (bp 550) or
helix 45 (bp 1170) regions of the 23S rRNA. IVSs in both helix
25 and helix 45 have been previously reported in Helicobacter
(13), Haemophilus (39), Proteus, and Providencia (23). IVSs
around bp 1170 have been reported in Actinobacillus (11),
Campylobacter (14), Leptospira (31), Yersinia (38), Rhodobacter
(13), and Coxiella (1). IVSs have also been found at other
locations, at bp 135 and 400 of the rrl gene in Rhizobiaceae (37)
as well as in the 16S rRNA of Campylobacter helveticus (19),
Helicobacter canis (18, 33), Clostridium spp. (30), Rhizobium
tropici (43), and Caedibacter caryophila (40). Thus, the posi-
tions where IVSs can occur are diverse but by no means ran-
dom, and in Salmonella all the IVSs are at the two most
common sites. Insertion of IVSs and excision from the tran-
scripts are thus tolerated at these locations in the rRNA, sug-
gesting that continuity of the rrl gene in these regions of the
23S rRNA is not required for ribosome function. These IVSs
in Salmonella occur at positions homologous to those in which
expansion elements occur in eukaryotes such as Drosophila
(reviewed by Burgin et al. [8]). These expansion elements are
extremely variable in sequence and position (15); some, which
have acquired functions and are removed during rRNA pro-
cessing, are called transcribed spacers or fragmentation spac-
ers (15).

Secondly, fragmentation of the rRNA in Salmonella is al-
ways due to the presence of an IVS at the cleavage sites (Fig.
1 to 4). Fragmentation in other genera can result from other
causes; in the central region of the 23S rRNA at sites where no
IVSs were present, fragmentation was seen in Agrobacterium
and Rhizobium strains (36).

Thirdly, uncleaved IVSs were not detected in any of the
strains tested, indicating that IVSs when present are always
cleaved by RNase III. RNase III-deficient mutants of serovar
Typhimurium, which retain IVSs in all their ribosomes, are
known to be viable in culture (22), yet uncleaved IVSs were not

TABLE 1. Strains of Salmonella from SARBa

Electrophoretic type SARB
no.b

RKS strain
no.c S. enterica serovar

Ag1 1 1701 Agona
An1 2 2403 Anatum
Ba2 3 4231 Brandenburg
Cs1 4 1280 Choleraesuis
Cs6 5 1239 Choleraesuis
Cs11 6 3169 Choleraesuis
Cs13 7 4640 Choleraesuis
Dt1 8 4647 Decatur
De1 9 246 Derby
De13 10 241 Derby
De31 11 243 Derby
Du1 12 1518 Dublin
Du3 13 4717 Dublin
Du2 14 1550 Dublin
Di1 15 4239 Duisburg
En1 16 53 Enteritidis
En2 17 761 Enteritidis
En3 18 69 Enteritidis
En7 19 1208 Enteritidis
Em1 20 1216 Emek
Ga2 21 2962 Gallinarum
Ha1 22 4241 Haifa
He1 23 539 Heidelberg
He3 24 1391 Heidelberg
Id1 25 4250 Indiana
In1 26 1490 Infantis
In3 27 1452 Infantis
Mi1 28 2833 Miami
Mi5 29 4381 Miami
Mo1 30 1762 Montevideo
Mo6 31 1740 Montevideo
Mu1 32 3121 Muenchen
Mu2 33 4288 Muenchen
Mu3 34 4300 Muenchen
Mu4 35 4272 Muenchen
Np8 36 2016 Newport
Np11 37 1915 Newport
Np15 38 1956 Newport
Pn1 39 1793 Panama
Pn2 40 1776 Panama
Pn12 41 1779 Panama
Pa1 42 4993 Paratyphi A
Pb1 43 3222 Paratyphi B
Pb3 44 3202 Paratyphi B
Pb4 45 3201 Paratyphi B
Pb5 46 3274 Paratyphi B
Pb7 47 3215 Paratyphi B
Pc1 48 4587 Paratyphi C
Pc2 49 4594 Paratyphi C
Pc4 50 4620 Paratyphi C
Pu3 51 2266 Pullorum
Pu4 52 2246 Pullorum
Re1 53 4256 Reading
Ru1 54 4938 Rubislaw
Sp3 55 1690 Saintpaul
Sp4 56 1686 Saintpaul
Sw1 57 4261 Schwarzengrund
Se1 58 2866 Sendai
Sf1 59 2358 Senftenberg
St1 60 4264 Stanley
Sv2 61 4267 Stanleyville
Th1 62 1767 Thompson
Tp1 63 3333 Typhi
Tp2 64 3320 Typhi
Tm1 65 284 Typhimurium
Tm7 66 203 Typhimurium
Tm12 67 837 Typhimurium
Tm23 68 4535 Typhimurium
Ts1 69 3134 Typhisuis
Ts3 70 3133 Typhissuis
Wi1 71 4000 Wien
Wi2 72 3998 Wien

a The SARB set of strains was obtained from R. K. Selander (6) and is
circulated by the SGSC.

b The SARB number was assigned to each of the 72 strains of Salmonella
representing subgenus I (6).

c The RKS number was the number assigned by R. K. Selander to stock strains.
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detected in wild-type strains of Salmonella. This indicates that
these strains must have a strong selective pressure for the
maintenance of sequences which form a base-paired stem at
the site of the IVS in the rRNA transcript (this stem is the
substrate for RNase III excision of the IVS); otherwise, unex-
cised IVSs would occasionally be detected. This suggests that
the continued presence of the IVS in the rRNA hinders opti-

mal functioning of the ribosome. The regions at the ends of the
23S rRNA form a stable stem, essential for RNase III-medi-
ated 23S rRNA maturation (17); we propose that there must
be similar conservation of the stem region of the IVS to ensure
their removal. This suggests that although strains with intact
IVSs are viable in culture (22), they would not survive in
nature; removal of IVSs confers selective advantage.

Trees showing relationships among the 72 strains of the
SARB set (6) and 16 strains of the SARC set (7) of Salmonella
were previously constructed, based on MLEE. We determined
the number of IVSs in the seven rrl genes for each strain. The
data show that very closely related strains often show identical
or very similar patterns of distribution of IVSs (Fig. 3 and 4);
for example, of eight strains with no IVSs, seven are members
of three groups found at different locations on the SARB tree
(Fig. 3) (Pa1 and Se1; Pc1, Pc2, and Ts1; and Mo1 and Mo6).
This indicates some degree of stability of IVSs, indicating ver-
tical transmission. However, there is also much evidence for
lateral transfer of IVSs. IVSs are often found in strains which
are unrelated according to MLEE criteria; IVSs seem widely
distributed through the various divisions of the SARB set and
are usually present in each of the eight subspecies of the SARC
set (Fig. 3 and 4). Thus, there is no strong overall pattern of
possession of IVSs on the tree either in helix 25 or in helix 45.
This indicates that the possession of IVSs is, to a large extent,
a random phenomenon and that the process of acquisition
through lateral transfer and spread among the seven rrl genes
is continuous among the Salmonella spp. An apparent excep-
tion to this is subgenus V (S. bongori) which has no helix 45
IVSs in the two strains tested (Fig. 4), suggesting the possibility
that helix 45 entered after the divergence of S. enterica from S.
bongori, but this apparent exception is not real, for IVSs were

FIG. 1. (A) Structure of the rrn operon. A single rRNA operon comprises
one 16S rRNA (rrs gene), one or two tRNAs, and one 23S rRNA (rrl gene). The
rrl gene may include IVSs at H25 (helix 25 of the proposed secondary structure
of the rRNA at bp 550) and/or H45 (helix 45 at bp 1170). Primers P1 and P2 were
used for amplification of a 731-bp region containing helix 25 (amplicon A), and
primers P3 and P4 were used for amplification of a 733-bp region containing he-
lix 45 (amplicon B); these amplicons may contain IVSs. (B) PCR products which
were obtained using templates from the following strains: Stm, serovar Typhi-
murium LT2; Ec, E. coli K-12; Pb7; Pb5; Pb4; Pb3; and Pb1. A, amplicon A; B,
amplicon B. Each strain has seven copies of the rrl gene. The lower band in each
lane (approximately 730 bp) represents PCR product from an rrl gene which has
no IVS; the upper band represents PCR product from an rrl gene which has an
IVS. See the text for an interpretation of the number of rrl genes with IVSs in
each strain.

FIG. 2. (A) rRNA from bacterial strains, detected by electrophoresis, North-
ern blotting, and methylene blue staining. The same seven strains were tested, in
the same order, as in Fig. 1. See Table 1 for a list of the strains tested. Normal
rRNA sizes are indicated on the right (23S and 16S). Sizes, in kilobases, on the
left indicate fragmented rRNA. (B) The heavy line at the top indicates the
full-length rrl gene for 23S rRNA; when transcribed, this produces rRNA of 2.9
kb. The boxes at helix 25 and helix 45 indicate IVSs which result in posttran-
scriptional cleavage of the rRNA by RNase III. 23S rRNA fragments of 2.4 and
0.5 kb indicate that one rrl gene carries an IVS in helix 25. 23S rRNA fragments
of 1.7 and 1.2 kb indicate that one rrl gene carries an IVS in helix 45. 23S rRNA
fragments of 1.7, 0.7, and 0.5 kb indicate that one rrl gene carries IVSs in both
helices. See the text for an interpretation of the number of rrl genes with IVSs in
each strain.

TABLE 2. Strains of Salmonella from SARCa

Group SARC no.b RKS no.c Salmonella serovar or
species

I 1 s4194 Serovar Typhimurium
2 s3333 Serovar Typhi

II 3 s2985
4 s2993

IIIa 5 s2980
6 s2983

IIIb 7 s2978
8 s2979

IV 9 s3015
10 s3027

V 11 s3041 S. bongori
12 s3044 S. bongori

VI 13 s2995
14 s3057

VII 15 s3013
16 s3014

a The SARC sets of strains was obtained from R. K. Selander (7) and is
circulated by the Salmonella Genetic Stock Center, University of Calgary.

b The SARC number is the number assigned to each of the 16 strains of
Salmonella representing subgenus I.

c The RKS number is the number assigned by R. K. Selander to stock strains.
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detected by PCR in helix 45 in 2 of 13 strains of S. bongori
which were tested (data not shown).

It was earlier reported that E. coli strains do not have IVSs
(8). We confirmed this; all 72 strains from the ECOR (E. coli
Reference) set (26) were tested by PCR for the possession of
IVSs at the helix 25 and helix 45 regions, and none were
detected (data not shown). We propose that Salmonella ac-
quired IVSs, presumably by a lateral transfer event from an
external source, after the divergence of Salmonella from Esch-
erichia, said to have occurred more than 100 million years ago
(27). The more or less random distribution of IVSs in the
different bacterial genera, as shown by their presence in Sal-
monella and absence from Escherichia and by the random
distribution of the number of IVSs in the seven rrl genes of the
different Salmonella species, indicates that they are not essen-
tial for survival. Ribosomes with fragmented 23S rRNA are
functional, but fragmentation of Salmonella rRNA is not nec-
essary, since 8 of 72 Salmonella strains in the SARB set have no
IVSs and no fragmentation yet are viable. It is hence not clear
if the IVSs have been recently acquired in evolution or if they
were present in the ancestors of Salmonella and Escherichia
and were lost from some strains in the course of evolution.

Helix 25 IVSs from Providencia rettgeri show 76% nucleotide
identity to helix 25 IVSs from the rrlH operon of serovar
Typhimurium (21, 23). Blocks of similar sequences are shared
between the helix 45 IVSs from Proteus, Providencia (23), Sal-
monella (8), and Yersinia (38). Thus, some of the IVSs from
these four genera of Enterobacteriaceae in which IVSs have
been detected share sequence homology. Advanced BLAST
searches with increased E values of the nonredundant nucle-
otide database at the National Centre for Biotechnology In-
formation (2) do not reveal homology between the enterobac-
terial IVSs and IVSs from other genera of bacteria. This
indicates lateral transfer of IVSs between the four different
enterobacterial genera but no equivalent transfer between the
enterobacteria and other bacteria. Yet even when there is no
homology, IVSs in different bacterial genera occur at relatively
conserved locations, usually in helix 25 and helix 45.

Lateral gene transfer has been seen in other regions of the
rRNA. Sequences of the 16S to 23S spacer regions of rrnE
from S. enterica subspecies indicate that subspecies I is
closer to E. coli K-12 than to other Salmonella subspecies,
suggesting lateral transfer events (28). Similarly, lateral
transfer is indicated by conserved sequence blocks in the 16S
to 23S spacer region among unrelated isolates of Haemophi-
lus parainfluenzae, Haemophilus influenzae, Haemophilus du-
creyi, and Actinobacillus spp. (29). The internal transcribed
sequence 1 (ITS1) of Enterococcus faecium contained an
additional 115-nucleotide stem-loop structure as compared
to the ITS1s of other enterococci, and one of the three ITSs
of Enterococcus hirae contained a similar 107-nucleotide
stem-loop; these data suggest that insertion occurred by a
lateral transfer event (24). The driving force for heteroge-
neity in the hypervariable a region of the rrs gene from
Streptomyces is thought to be lateral transfer of conjugative
plasmids that can mobilize the host chromosome at a high
frequency (42).

FIG. 3. The presence of IVSs in 72 strains of Salmonella subgenus I of the
SARB set (6). The relationships of the 72 strains shown on the left as electro-
phoretic types were determined by MLEE. The Salmonella species and SARB
numbers are listed in Table 1. The total numbers of IVS insertions in H25 (helix
25) and H45 (helix 45) in the seven rrl genes for 23S rRNA were determined by
PCR to detect IVSs and also by rRNA cleavage; the inferred number of IVSs,
which was the same for both methods in all 72 strains, is shown.
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These observations indicate that IVSs are transferred
among the bacterial species by lateral transfer using phage-
mediated transduction, transformation, or conjugation. The
spread between the different rrl genes of an individual cell
could be a result of reciprocal recombination (RecA medi-
ated) or by gene conversion (nonreciprocal) (20). However,
rather than a continuous process of IVS transfer between
the species of Salmonella, an alternative hypothesis suggests
that the progenitor Salmonella obtained an IVS (probably
by lateral transfer) but that subsequent variation between
different species was simply due to the loss of IVSs from
some strains. In order to test these hypotheses, we are se-
quencing the DNA of representative IVSs.

IVSs thus seem to be mobile genetic elements distributed
sporadically at relatively conserved locations in the rRNA
genes among the different bacterial species. The number of
IVSs present in a strain does not seem to be important; how-
ever, no strains were observed that had all 14 locations in helix
25 and helix 45 saturated with IVSs (Fig. 3 and 4). IVSs lead to
the fragmentation of the rRNA without any apparent effect on
the functioning of the ribosome. Speculated functions for the
IVS include protection against bacteriocins (38) and adaptive
changes in stationary-phase cultures (12).
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